A survey of bacterial and archaeal genomes shows that many Tn7-like transposons contain 14 'minimal' type I-F CRISPR-Cas systems that consist of fused cas8f and cas5f, cas7f and cas6f 15 genes, and a short CRISPR array. Additionally, several small groups of Tn7-like transposons 16 encompass similarly truncated type I-B CRISPR-Cas systems. This gene composition of the 17 transposon-associated CRISPR-Cas systems implies that they are competent for pre-crRNA 18 processing yielding mature crRNAs and target binding but not target cleavage that is required for 19 interference. Here we present phylogenetic analysis demonstrating that evolution of the CRISPR-20 Cas containing transposons included a single, ancestral capture of a type I-F locus and two 21 independent instances of type I-B loci capture. We further show that the transposon-associated 22 CRISPR arrays contain spacers homologous to plasmid and temperate phage sequences, and in 23 some cases, chromosomal sequences adjacent to the transposon. A hypothesis is proposed that 24 the transposon-encoded CRISPR-Cas systems generate displacement (R-loops) in the cognate 25 DNA sites, targeting the transposon to these sites and thus facilitating their spread via plasmids 26 and phages. This scenario fits the "guns for hire" concept whereby mobile genetic elements can 27 capture host defense systems and repurpose them for different stages in the life cycle of the 28 element. 29 30 31 32 33 34 Tn7 and CRISPR-Cas Importance 35 CRISPR-Cas is an adaptive immunity system that protects bacteria and archaea from mobile 36 genetic elements. We present comparative genomic and phylogenetic analysis of degenerate 37 CRISPR-Cas variants associated with distinct families of transposable elements and develop the 38 hypothesis that such repurposed defense systems contribute to the transposable element 39 propagation by facilitating transposition into specific sites. Such recruitment of defense systems 40 by mobile elements supports the "guns for hire" concept under which the same enzymatic 41 machineries can be alternately employed for transposon proliferation or host defense.
To determine whether the association of the Cas1-less I-F systems with elements was unique or emerged independently on several occasions, we analyzed the 139 TniQ/TnsD and TnsA families. The TnsA protein is the most highly conserved gene of the like elements and is responsible for the unique behavior of the elements with heteromeric 141 transposases (31-34). We collected and annotated 10,349 loci containing at least tniQ/tnsD or 142 tnsA ( Supplemental Table S2 ) and reconstructed a tree for both protein families (Figure 2 multiple, deep branches that are not associated with cas genes in the respective loci suggesting 153 that the link with I-F system evolved relatively late in the history of this group of elements (see respective Newick trees at 155 ftp://ftp.ncbi.nih.gov/pub/makarova/supplement/Peters_at_al_2017/). In several cases, however, 156 the cas genes seem to have been lost from the vicinity of the conserved transposon genes (eg. systems outside this transposon neighborhood, with the implication that this CRISPR-Cas variant 160 is functional only when associated with a Tn7-like element. 161 We further investigated the tniQ/tnsD/tnsA loci in order to identify any other Cas systems that might be linked to Tn7-like transposons. Only a few such instances were 163 identified, mostly complete loci containing the adaptation genes. The respective tnsA and/or 164 tniQ/tnsD genes are scattered in the phylogenetic trees suggesting that most of these associations 165 are effectively random and might be transient ( Supplemental Table S2 ). However, some of such 166 loci do show a degree of evolutionary coherence. Specifically, they form two small, unrelated 167 branches in both the TnsA and the TniQ/TnsD trees (See I-B in Figure 2B -C). All these 168 CRISPR-cas loci are present in different cyanobacteria, belong to the I-B subtype and lack 169 adaptation genes as well as the cas3 gene that is required for DNA cleavage in type I systems. 170 Thus, to a large extent, these type I-B variants mimic the organization of the more common 171 transposon-associated, cas1-less I-F variant (See below).
172
The cas1-less type I-F CRISPR-Cas system is mobilized together with conserved 173 transposition genes. We analyzed the transposon end-sequences in the loci containing the I-F 174 and I-B CRISPR-Cas variants in order to determine whether the cas genes were located within 175 the boundaries of these elements or are simply adjacent to the transposon. The structure of the 176 left and right ends of canonical Tn7 has been defined previously (Supplemental Figure S1 ). Tn7 177 ends are marked by a series of 22 bp TnsB-binding sites (35) (36) (37) . Flanking the most distal TnsB-178 binding sites is an 8 base pair terminal sequence ending with 5'-TGT-3'/3'-ACA-5'. Tn7 contains 179 4 overlapping TnsB-binding sites in the ~90 bp right end of the element and three dispersed sites 180 in the ~150 bp left end of the element, but the number and distribution of TnsB-binding sites can 181 vary among 31) . End-sequences of Tn7-related elements can be determined by identifying the directly-repeated 5 base pair target site duplication, the terminal 8 183 base-pair sequence, and 22 base pair TnsB-binding sites (the latter two found in an inverted 184 configuration in the left and right ends of the element) (Supplemental Figure S1 ). Compared with 185 the canonical Tn7 and Tn6022, Tn7-like elements show extensive variation in size and gene 186 complements as illustrated by a representative set of 12 complete elements ranging in size from 187 22 kb to almost 120 kb (38, 39)( Figure 3 and Table 1 ). One of these elements has been 188 previously identified in Vibrio parahaemolyticus RIMD2210633 as a member of the Tn7 189 superfamily and encodes the Vibrio pathogenicity determinant, the thermostable direct 190 hemolysin (TDH) (40).
191
In our analysis of CRISPR-Cas systems, two groups of type I-B variants were identified Tn7 and resides in the attTn7 site downstream of glmS. An example from this subgroup has been 199 previously identified in Anabaena variabilis (# 5291 in Figure 3 ), but the minimal Cas system 200 contained in the element was not analyzed (41). The second group encodes a TniQ protein that 201 belongs to a new family of elements encoding fused TnsA-TnsB proteins (#2757 in Figure 3 ).
202
Taken together, these findings indicate that the type I-F and I-B CRISPR-Cas variants 203 identified in this work are part of the core gene repertoire in multiple clades of Tn7-like 204 elements.
Chromosomal insertions of the I-F CRISPR-Cas-associated elements show three
206 recognizable attachment sites likely accessed by dedicated TniQ/TnsD proteins. The 207 canonical Tn7 element has been studied extensively, especially the transposition pathway that 208 directs the element into the attTn7 site located downstream of the conserved glmS gene. The Tn7
209
TnsD(TniQ) protein is a sequence-specific DNA-binding protein that recognizes a highly 210 conserved 36 bp sequence in the downstream region of the glmS gene coding sequence (26, 42) .
211
Transposition events promoted by TnsABC+D are directed into a position 23 bp downstream of 212 the region bound by TnsD. Tn7 transposition is orientation-specific in all transposition pathways; 213 the transposon end proximal to the tnsA gene (the "right" end of the element) is adjacent to the 214 DNA sequence or a specific protein complex recognized in each pathway (29, (42) (43) (44) . 215 We analyzed the region adjacent to the point of insertion of the elements and identified Presumably, insertion of the element into this attachment site would ablate the normal promoter, 223 but changes in expression remain to be demonstrated experimentally. The third attachment site 224 identified for the cas1-less type I-F-associated elements is the first example where a non-protein-225 encoding gene was recognized, namely, the gene for the signal recognition particle RNA (SNP-226 RNA) (Table 1, Figure 3 and 4). The concordance between the phylogeny of the TniQ/TnsD 227 proteins and the attachment site used by the element is consistent with the hypothesis that each attachment site is recognized by a cognate TniQ/TnsD protein ( Figure 4 ). Despite this 229 concordance, many transposons appear to be inserted in random sites ( Figure 4 ). It remains 230 unclear how insertions were directed into these sites because they are unlikely to be specifically 231 recognized by TniQ/TnsD proteins encoded by these elements, and these elements lack a 232 homolog of the TnsE protein found in typical Tn7 transposons. Figure 3 for examples). In most cases, this array contains only 236 one or two spacers, suggesting that spacer acquisition in these arrays occurs only rarely (Table 2 237 and Figure 3 ). Nevertheless, the spacers are typically unrelated even in closely related bacterial 238 genomes indicating that, occasionally, new spacers are incorporated, and old ones are lost.
239
Obviously, only adaptation genes acting in trans can insert new spacers into these arrays. Altogether, more than 800 spacers were identified in the transposon-associated I-F and I-251 B CRISPR arrays (see automatically and manually identified spacers at 252 ftp://ftp.ncbi.nih.gov/pub/makarova/supplement/Peters_at_al_2017/). As in most analyses of 253 CRISPR spacers (45-47), only a small fraction of these spacers yielded significant matches to 254 sequences in public databases. However, the matches that could be detected were informative 255 because they were to plasmids and bacteriophages associated with the same bacterial genera 256 where the respective elements are found ( Table 2) . We identified two cases (in Photobacterium 257 kishitanii and Photobacterium leiognathi) of potential special interest, where spacers matched 258 the region adjacent to the tnsA-gene proximal side of the element (Table 2) , i.e. the specific 259 region where complexes involved in targeting transposition events interact with the target DNA 260 (29, 48, 49 ). An additional spacer match was found inside the transposon boundaries in several 261 Vibrio parahaemolyticus strains (Table 2) . A similar situation might have also occurred in a Tn7-262 like transposon associated with a type I-B CRISPR-Cas variant in a Cyanothece PCC 7822 263 plasmid although end sequences could not be unambiguously defined for this element (Table 2) . Table 1 )(31). The cas1-less I-F CRISPR-Cas variant is 272 encoded in the same location where the tnsE gene that promotes transposition into conjugal plasmids and filamentous bacteriophages is typically located (Figure 3 ). Thus, it appears 274 plausible that the CRISPR-Cas system functionally replaces tnsE as a mechanism facilitating 275 horizontal transfer of the element. Support for this possibility comes from the observation that 276 the transposon-associated CRISPR arrays largely carry plasmid and phage-specific spacers and 277 could direct the transposon to the respective elements (Table 2) . Figure 6B ). Given that distortions in B form DNA are also expected adjacent to crRNA-bound effector complexes that generate R-loops through duplex formation 297 between the crRNA and the protospacer (12, 56), there could be a mechanistic link between the 298 well-understood Tn7 targeting process and DNA targeting by the CRISPR-Cas effector 299 complexes ( Figure 6D ). This analogy is consistent with the left to right orientation of the two 300 insertions located adjacent to spacer matches (Table 2) .
301

Evolution of the association between CRISPR-Cas variants and Tn7 like elements.
302
Given that at least some type I CRISPR-Cas systems selectively integrate spacers from plasmids 303 and phages (6, 57), an attractive hypothesis is that the CRISPR-cas loci that randomly became 304 associated with the transposon were fixed through selection for their ability to facilitate 305 dissemination of transposons. As discussed above, because changes in DNA structure play an showed at least 95% identity and at least 95% length coverage in the case of the NR database, 382 and 80% identity and 80% length coverage for the self-hits (hits were classified as self if they 383 matched the same genomes or genome of the same species disregarding the strain information).
384
Because the automatic approach missed several short CRISPR arrays, loci initially found to lack 385 gene for repeats and using the BLASTN program with the default parameters to find matches to 387 the spacer identified. 
399
Relationships within diverse sequence families were established using the following 400 procedure: initial sequence clusters were obtained using UCLUST (69) with the sequence 401 similarity threshold of 0.5; sequences were aligned within clusters using MUSCLE (66). Then, 402 cluster-to-cluster similarity scores were obtained using HHsearch (70) (including trivial clusters 403 consisting of a single sequence each), and a UPGMA dendrogram was constructed from the 404 pairwise similarity scores. Highly similar clusters (pairwise score to self-score ratio >0.1) were 405 aligned to each other using HHALIGN (70), and the procedure was repeated iteratively. At the 406 last step, sequence-based trees were reconstructed from the cluster alignments using the FastTree 407 program (68) as described above and rooted by mid-point; these trees were grafted onto the tips 408 of the profile similarity-based UPGMA dendrogram. 411 End-sequences of Tn7-like elements were determined by identifying the directly-repeated five 412 base pair target site duplication, the terminal eight base-pair sequence, and 22 base pair TnsB-413 binding sites as described in the text using Gene Construction Kit 4.0 to manipulate DNA 414 sequences and search for DNA repeats. Sequence files were derived from matches to cas7f, tnsA 415 and tniQ as described above. Table S2 ). Other genes are shown in 619 grey, and known Tn7 cargo genes are indicated. Black vertical bars indicate repeats in the 620 element-encoded arrays. DNA sequences omitted in the graphic is shown with two back slashes.
Analysis of Tn7-like elements
621
See text for details. TniQ tree leaves (#XX)( Supplemental Table S2 ) are shown in green. transposon ends identified for each element indicated in Figure 3 . See supplemental Figure S1 658 for details. 1 TnsA node number for each element cross-lists as indicated in Supplemental Table S2 .
659
2 Spacers were identified as described in the Materials and Methods section. Spacers (and 3 base pair located 3' in the repeat are indicated) for comparison with the match identified in the database (presumed PAM sequences). Mismatches between the spacer (3' sequence) and protospacer (PAM) are indicated in red. Complete genome Spacer match is next to integration site * -cas genes are present, but outside the +20/-20 gene loci OUTGROUP color code: green -node number in TnsA tree sky blueelements inserted next to yciA gene magentaelements inserted next to IMPDH gene puple -elements inserted next to SNP-RNA black -random insertion site gray -cas genes are absent Schematic representation of the end structure of Tn7-like elements -Anatomy of a Tn7 insertion. Typically the insertion occurs at a single site about 25 bp downstream from the last codon of glmS. The Tn7 end proximal to tnsA is closest to glmS (by convention it is referred to as the "right" end). Transposition generates a target site duplication (shown in red) of the chromosomal sequence that now forms a direct repeat on either side the element. In the case of insertion of the canonical Tn7element at the attTn7 site this sequence is of GCGGG. There will be an 8 bp "end sequence" that starts with TGT/CAC, immediately after this will be the first 22 bp binding site for TnsB. Figure S1 
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